Cell proliferation can be dependent on the non-essential amino acid serine, and dietary restriction of serine inhibits tumor growth, but the underlying mechanisms remain incompletely understood. Using a metabolomics approach, we found that serine deprivation most predominantly impacts cellular acylcarnitine levels, a signature of altered mitochondrial function. Fuel utilization from fatty acid, glucose, and glutamine is affected by serine deprivation, as are mitochondrial morphological dynamics leading to increased fragmentation. Interestingly, these changes can occur independently of nucleotide and redox metabolism, two known major functions of serine. A lipidomics analysis revealed an overall decrease in ceramide levels. Importantly, supplementation of the lipid component of bovine serum or C16:0-ceramide could partially restore defects in cell proliferation and mitochondrial fragmentation induced by serine deprivation. Together, these data define a role for serine in supporting mitochondrial function and cell proliferation through ceramide metabolism.
INTRODUCTION
Serine, a non-essential amino acid, participates in a metabolic network that interlinks the folate cycle and methionine cycle to support cell proliferation (Ducker and Rabinowitz, 2017; Locasale, 2013; Mattaini et al., 2016; Yang and Vousden, 2016) . Modern cancer chemotherapy is built upon antagonizing folate metabolism, and recent studies have uncovered newfound roles of one-carbon metabolism in cancer pathology (Locasale, 2013; Newman and Maddocks, 2017; Yang and Vousden, 2016) . Serine derives from both nutritional uptake and the serine synthesis pathway that branches from glycolysis. Changes in serine metabolism have long been noted in cancer pathogenesis (Davis et al., 1970; de Koning et al., 2003; Snell et al., 1988; Snell and Weber, 1986) . Recent findings have reported on amplification of and a pro-oncogenic role for phosphoglycerate dehydrogenase, the enzyme that initiates de novo serine synthesis (Locasale et al., 2011; Possemato et al., 2011) . Dietary restriction of serine and glycine also shows therapeutic effects on tumor growth (Maddocks et al., 2013 .
Serine acts as a central node in the metabolic network for many aspects of cell survival and proliferation (Locasale, 2013; Mehrmohamadi et al., 2014; Nilsson et al., 2014; Tedeschi et al., 2013; Yang and Vousden, 2016) . It is a precursor of glycine and cysteine that constitutes components of the cellular antioxidant glutathione (GSH). It donates carbon units via the folate cycle for synthesis of thymidine and purines, and methionine, providing the methyl donor for histones and DNA (Kottakis et al., 2016; Maddocks et al., 2016; Mehrmohamadi et al., 2016; Mentch et al., 2015) . Recent studies have also revealed that serine can be a major source of the cellular reducing agent nicotinamide adenine dinucleotide phosphate (NADPH) (Ducker et al., 2016; Fan et al., 2014; Lewis et al., 2014; Tedeschi et al., 2013; Ye et al., 2012) . It is also the head group of the phospholipid phosphatidylserine and provides a substrate for sphingolipid synthesis, but whether this component of serine metabolism participates in cellular physiology is largely unknown.
Serine-derived folate metabolism is partitioned in mitochondrial and nucleocytoplasmic compartments, where it contributes to nucleotide and redox metabolism in both compartments (Ducker and Rabinowitz, 2017; Tibbetts and Appling, 2010; Yang and Vousden, 2016) . The complete oxidation of folate carrier generates formate and produces NADH, a reducing equivalent used in the electron transport chain. Recently it has been suggested that overflow of serine-derived formate could possibly contribute to oxidative phosphorylation in the mitochondria (Meiser et al., 2016) . Furthermore, genetic defects in mitochondrial function result in retrograde responses that alter one-carbon metabolism (Bao et al., 2016; Celardo et al., 2017; Nikkanen et al., 2016) . Thus, serine is known to connect to metabolism in the mitochondria through folate; however, it is poorly understood whether other serine-derived metabolic pathways partake in mitochondrial function.
In this study, we first used a comparative metabolomics approach Ser et al., 2016) to investigate the metabolic processes affected by serine. This analysis led to the discovery that mitochondrial metabolism appears to be the predominantly affected metabolic function responsive to serine availability. Surprisingly, however, this maintenance of mitochondrial function occurs through a mechanism independent of redox and nucleotide metabolism, which are the two main known functions of serine in the mitochondria. Instead, we define a mechanism whereby lipid metabolism, particularly ceramide synthesis, is essential for cell proliferation that together expands the scope of the role of serine metabolism in mediating cellular physiology.
RESULTS

Comparative Metabolomics Reveals that Serine Deprivation Compromises Mitochondrial Fatty Acid Metabolism
Serine deprivation reduces cell proliferation in HCT116 cells (Labuschagne et al., 2014; Maddocks et al., 2013 Maddocks et al., , 2016 Maddocks et al., , 2017 . To study the global effects of metabolism in this context, we considered a comparative metabolomics approach that generates a profile of over 300 metabolites from diverse chemical classes. We observed a distinct metabolite profile in HCT116 cells cultured in serine-depleted media for 24 hr compared with cells cultured in basal conditions ( Figure 1A ). Serine deprivation altered cellular amino acid levels, with, as expected, the most dramatic reduction observed in the levels of serine and glycine ( Figures 1B and S1 ). Prominently, a pattern of acylcarnitine-related metabolites appeared most affected as shown in the volcano plot ( Figure 1B) . A closer inspection of the acylcarnitine species revealed an overall reduction in both medium-and long-chain acylcarnitines ( Figure 1C ), likely reflecting altered mitochondrial fatty acid oxidation (FAO) (Koves et al., 2008) . A pathway analysis of significantly altered metabolites (fold change [FC] > 1.5, p < 0.05, Student's t test) identified glycine, serine, and threonine metabolism, pyrimidine metabolism, and sphingolipid metabolism as the three most affected metabolic pathways ( Figure 1D) . Consistent with what is known about serine, purine metabolism and cysteine and methionine metabolism were among the top six pathways affected ( Figure 1D ).
To examine the hypothesis that reduced acylcarnitine levels corresponded to changes in FAO, we fed cells with U-13 C palmitate that is channeled into the mitochondria by a carrier palmitoylcarnitine for FAO (Lopaschuk et al., 2010) (Figure 1E ). Both labeled M+16 palmitate and M+16 palmitoylcarnitine were elevated under serine deprivation ( Figure 1F ). The tricarboxylic acid (TCA) cycle intermediates showed an overall reduction in M+0 and M+2 isotopomers. Moreover, acetylcarnitine, a surrogate of acetyl-CoA, was decreased by serine deprivation as well ( Figure S1B ). A 45% reduction in ATP levels that was observed upon pre-loading of palmitate ( Figure S1B ) further suggests a reduction of mitochondrial FAO. Together, these findings indicate serine deprivation results in a compromised mitochondrial FAO.
Serine Deprivation Alters Mitochondrial Glucose and Glutamine Metabolism
Glucose and glutamine are two major anaplerotic sources for citric acid cycle metabolism in the mitochondria (DeNicola and Cantley, 2015; Pavlova and Thompson, 2016) . Thus, we explored further the effect of serine deprivation on metabolism of glucose and glutamine using U-13 C glucose and U-13 C glutamine tracers (Figure 2A ). Previous studies have reported that serine deprivation reduces glycolytic flux to lactate (Gravel et al., 2014; Ye et al., 2012) . Within 6 hr of tracing, cells under serine deprivation had lower levels of M+3 pyruvate and M+3 lactate secreted, indicating reduced glycolytic flow to lactate ( Figure 2B ). Unexpectedly in these conditions, serine deprivation also led to a reduction of M+3 serine in both cells and culture media ( Figure 2B ), indicating a relative lower amount of glucose diverted to serine synthesis. This was in contrast to an observed increase in M+3 alanine ( Figure S2A ), suggesting an increase of glucose-derived pyruvate toward alanine synthesis. Thus, serine deprivation reduces glycolytic flow to lactate and its branching toward serine synthesis in the cytosol.
Examining the isotopomer distribution of TCA cycle intermediates, we found a significant reduction in M+2 α-ketoglutarate, M+2 succinate, and M+2 fumarate derived from U-13 C glucose ( Figure 2C ). This was in addition to an overall reduction of α-ketoglutarate, succinate, and fumarate isotopomers under serine deprivation ( Figure S2B ). Similarly, serine deprivation decreased U-13 C glutamine-derived TCA cycle intermediates M+5 α-ketoglutarate, M+4 succinate, and M+4 fumarate ( Figure 2D ), as well as the overall levels of α-ketoglutarate, succinate, and fumarate ( Figure S2C ). The distribution of citrate/isocitrate again remained the same, with a larger portion of M+4 citrate/isocitrate versus M+5 citrate/ isocitrate ( Figure 2D ). Therefore, in addition to a compromised mitochondrial FAO, serine deprivation also leads to reduction of glucose and glutamine catabolism in the mitochondria that is altogether consistent with an imbalance in mitochondrial fuel utilization.
Serine Deprivation Leads to Mitochondrial Fragmentation
Given the observed alterations in mitochondrial substrate utilization, we sought to look for possible sources of these effects. Immunofluorescence staining with the mitochondrial outer membrane protein TOM20 demonstrated that fragmented mitochondria were present in a larger proportion of cells under serine deprivation ( Figures 3A and 3B) . A similar observation was also obtained by visualizing mitochondria with a MitoTracker dye, which labels mitochondria through its mildly thiol-reactive chloromethyl moiety ( Figures 3C and  3D ). Image analysis revealed a reduced mitochondrial volume but a constant mitochondrial number in serine-deprived cells ( Figures 3E and 3F ), further supporting fragmentation of the mitochondria. Furthermore, mitochondrial membrane potential was altered by serine deprivation ( Figure S3 ). Together, in addition to affecting substrate utilization, serine deprivation also changes mitochondrial dynamics that result in increased mitochondrial fragmentation.
Serine Deprivation Can Disrupt Mitochondrial Metabolism while Maintaining Overall Cellular Redox Balance
Serine is known to be involved in many pathways that can affect mitochondrial metabolism (Ducker and Rabinowitz, 2017; Mattaini et al., 2016; Newman and Maddocks, 2017; Yang and Vousden, 2016) . It maintains cellular redox balance through production of NADPH in the mitochondria and GSH. It also donates one-carbon units for synthesis of nuclear and mitochondrial DNA and RNA. Although lesser explored, it also provides substrate for synthesis of lipids, sphingolipids, and glycerolipids. Therefore, we next investigated the relative contribution of each of these aspects of serine metabolism to mitochondrial function.
The metabolite profile under serine deprivation revealed no change in the oxidized or reduced forms of GSH, or in the levels of the precursor cysteinylglycine ( Figure 4A ). Both hypotaurine and taurine, the end products of the transsulfuration pathway, were reduced by serine deprivation ( Figure 4A ). The ratio of GSH to oxidized glutathione (GSSG) and α-ketoglutarate/citrate, a surrogate of the NADH/NAD + ratio, also remained the same ( Figure  4B ). There was a small reduction in the ratio of pyruvate/lactate, the interconversion of which depends on the cytosolic NADH/NAD + ratio ( Figure 4B ), consistent with the earlier observation with reduction in glycolytic flow toward lactate but an increase of alanine production ( Figure 2A ). Thus, serine deprivation seems to have a minimal impact on cellular redox balance by 24 hr.
Serine metabolism is compartmentalized in the cytosol and mitochondria (Ducker and Rabinowitz, 2017; Tibbetts and Appling, 2010) . To distinguish serine metabolism in these two compartments, we traced cells in a dose-dependent manner with 2,3,3-2 H serine ( Figure  4C ), as has been previously employed (Ducker et al., 2016) . The enrichment of M+3 serine and M+1 glycine showed as expected dose dependence ( Figure 4D ), indicating successful incorporation of labeling ( Figure 4E ). In the cytosol, production of lactate from pyruvate requires the presence of NADH. Cytosolic NADH is interchangeable with mitochondrial NADH through malate-aspartate shuttle. In the mitochondria, malate is oxidized by malate dehydrogenase to generate oxaloacetate, converting NAD + to NADH. Oxaloacetate is then used for aspartate production via aspartate aminotransferase. M+1 malate, M+1 aspartate, and M+1 lactate were all serine dose dependent, and the labeling, after the appropriate natural abundance corrections, consisted of 3%, 0.5%, and 0.8% of their respective total metabolite abundance in the presence of 0.8 mM 2,3,3-2 H serine ( Figure 4E ). These findings confirm that the vast majority (>97%) of the NADH generated in the TCA cycle is not from serine.
Mitochondrial serine metabolism is thought to account for a substantial portion of cellular NADPH production (Ducker et al., 2016; Fan et al., 2014; Lewis et al., 2014; Tedeschi et al., 2013) . Proline, whose biosynthesis is driven by NADPH in the initial step catalyzed by pyrroline-5-carboxylate synthase, was labeled in a serine dose-dependent manner ( Figure  4F ). In the presence of 0.8 mM 2,3,3-2 H serine, only 0.3% of proline was 2 H-labeled, supporting a minor contribution of serine-derived NADPH in our conditions in HCT116 cells. Together with the earlier metabolomics profiling of the overall redox state, our data show that although TCA cycle activity is affected, electrons derived directly from serine make a small contribution to redox balance in our settings.
Serine Donates One-Carbon Units for Nucleotide Biosynthesis, but Nucleotide Levels Are Maintained
Next, we examined the effect of serine deprivation on nucleotide synthesis. Serine deprivation for 24 hr had a minimal effect on the levels of cellular nucleobases and nucleotides ( Figure 5A ). A recent report showed that serine supports methionine cycle and production of S-adenosylmethionine (SAM), a universal methyl-donor . Surprisingly this is achieved through de novo ATP production, but not by directly donating the one-carbon unit to homocysteine remethylation into methionine . Consistent with this finding, we observed a reduction in cellular SAM and MTA (5′-methyladenosine), an intermediate in the methionine salvage pathway. Serine deprivation also elevated cellular S-adenosylhomocysteine (SAH), but not homocysteine ( Figure S4 ). Together, serine deprivation leads to a reduction in SAM/SAH, but not SAM/MTA (Figures S4A and S4B) . Notably by 24 hr, ATP levels were not significantly changed ( Figure 5A ). Thus, serine deprivation for 24 hr reduces cellular SAM levels with levels of ATP maintained.
To evaluate the contribution of serine to nucleotide synthesis, we used a 2,3,3-2 H serine tracer to probe the contribution of serine to different pathways. Production of thymidine (the methylation of deoxyuridine monophosphate [dUMP] to deoxythymidine monophosphate [dTMP]) depends on cytosolic CH 2 -THF (5,10-methylenetetrahydrofolate). CH 2 -THF from cytosolic serine catabolism by SHMT (serine hydroxymethyl transferase)1 contributes to M +2 deoxythymidine trisphosphate (dTTP). CH 2 -THF from mitochondrial serine metabolism enters the cytosol through exchange of formate and the interchange between CH 2 -THF and CHO-THF (10-formyl-THF) ( Figure 4C ), leading to M+1 dTTP production. M+1 dTTP was serine dose dependent, and accounting again for natural abundance, 93% of dTTP with one deuterium label from 0.8 mM 2,3,3-2 H serine, whereas minimal labeling was observed in M +2 dTTP ( Figure 5B ), suggesting in the presence of serine, much of CH 2 -THF in thymidine synthesis is from mitochondrial serine metabolism. Serine also donates one-carbon units in the form of CHO-THF for guanine and adenine (purine) synthesis. Indeed, both M+1 guanine and labeled (M+1 and M+2) adenine showed dose-dependent labeling from serine. Labeling with 0.8 mM 2,3,3-2 H serine for 24 hr, we observed that 56% of guanine and 63% of adenine possessed 2 H label ( Figure 5C ). Additionally, adenosine, ATP, and SAM all showed a similar labeling pattern as adenine, with label enrichment each reaching the saturation limit for quantitation because of natural abundance containing 2 H from 2,3,3-2 H serine ( Figure 5D ). Therefore, in the presence of replete serine, serine is a predominant onecarbon donor for both thymidine and purine synthesis. However, under serine deprivation, the minimal effect on cellular nucleotide levels at 24 hr indicates an adaptive mechanism over time with one-carbon units derived from other sources.
Serine Deprivation Alters Metabolism of Glycerophospholipids and Sphingolipids
Serine is also the precursor for sphingolipid and glycerophospholipid synthesis (Figures 6A and 6B) , and this motivated us to examine metabolites in these less studied pathways. Sphingosine levels were 53% reduced by serine deprivation ( Figure 6C ). Intermediates in glycerophospholipid metabolism were also altered: a reduction in choline phosphate, whereas a significant elevation in CDP-choline, CDP-ethanolamine, and phosphodimethylethanolamine ( Figure 6D) , and an intermediate in phosphatidylcholine (PC) synthesis from methylation of phosphatidylethanolamine (PE). The above observations suggest a possible effect of serine deprivation in sphingolipid and glycerophospholipid metabolism.
To more closely examine the effect of serine on sphingolipid and glycerophospholipid metabolism, we developed a lipidomics method to profile multiple classes of lipids. To eliminate the interference of preexisting lipids in FBS (fetal bovine serum), we incubated cells with media containing 0.8 or 0 mM serine plus 10% charcoal-stripped (delipidated) FBS for 24 hr. The lipidomics analysis revealed an overall reduction in ceramides (C14:0-, C14:1-, C15:0-, C16:0-, C17:0-, C18:0-, C20:0-, C22:0-, C22:1-, C23:0-, C23:1-, C24:0-, C24:1-, and C26: 1-ceramides), yet sphingomyelins remained unchanged (Figures 6E and 6F) . Serine deprivation showed minimal to no impact on phospholipids, PC, PE, or phosphatidylserine (PS) ( Figure S5A ). The mitochondria are one major site for certain lipid synthesis such as cardiolipin and PE (Tatsuta et al., 2014) . Thus, serine deprivation could initially alter mitochondrial lipid biosynthesis, which then triggers a series of functional effects. To test this, we isolated mitochondrial fractions ( Figure S5B ) and performed a lipidomics analysis on isolated mitochondria. Mitochondrial PC and PE were largely unaffected, whereas certain PS species (C34:1-, C34:2-, C40:1-, C40:2-, C40:7-, C42:1-, and C42:2-PS species) were elevated ( Figure S5C ). Mitochondrial ceramides, but not sphingomyelins, showed an overall reduction under serine deprivation ( Figures 6G and 6H) . Together, the data reveal a prominent role for serine in ceramide metabolism.
Lipid Supplementation Partially Restores Defects in Mitochondrial Morphology and Cell Proliferation upon Serine Deprivation
Serine deprivation affects cell proliferation, and dietary serine and glycine deprivation also delays tumor growth (Labuschagne et al., 2014; Maddocks et al., 2013; Maddocks et al., 2017 ). Thus, we tested whether replenishment of ceramides or a full set of lipids could rescue the defective cell proliferation caused by serine deprivation. Supplementation of 50 or 100 μM C16:0-ceramide, which was decreased both overall and in the mitochondrial compartment under serine deprivation, partially restored the cell number after 72 hr ( Figure  7A ). C2-ceramide, which is cell membrane permeable, failed to reverse the delayed cell growth and appeared cytotoxic at 25 μM as previously reported (Autelli et al., 2009 ) ( Figure  S6A ). Furthermore, supplementing delipidated serum with a full complement of lipids also rescued cell proliferation in part ( Figure 7B ). Thus, serine-derived lipid metabolism contributes to cell proliferation.
We then evaluated whether supplementing a full set of lipids or C16:0-ceramide could rescue the extent of mitochondrial fragmentation caused by serine deprivation.
Mitochondrial visualization with a MitoTracker dye showed that supplementation of a full set of lipids (FBS) or C16:0-ceramide alleviated mitochondrial fragmentation, mainly by increasing mitochondrial number, but not mitochondrial volume ( Figures 7C, 7D, S6B,  S6C ). This finding is consistent with the partial rescue of serine-deprivation-induced delay of cell proliferation.
Furthermore, we have also evaluated our major findings in other cell lines including human colorectal adenocarcinoma cell line HT29, human breast cancer cell line MDA-MB-231, and human pulmonary adenocarcinoma cell line Calu-6. In all these cell lines, serine deprivation led to inhibition of cell proliferation ( Figure S6D ). Such growth defect was at least partially rescued by addition of the full spectrum of serum (FBS) in all these cell lines ( Figure S6D ). Addition of C16:0-ceramide rescued partially the inhibition of cell proliferation in HT29, but not in MDA-MB-231 or Calu-6 ( Figure S6D) , suggesting that the impact of serine deprivation on ceramide metabolism is also cell type dependent. Together, serine-derived lipid metabolism determines mitochondrial morphology that at least partially contributes to cell proliferation (Figures 7E).
DISCUSSION
Recent work has highlighted the importance of serine in nucleotide synthesis and redox balance (Ducker et al., 2016; Fan et al., 2014; Labuschagne et al., 2014; Mehrmohamadi et al., 2014 ). Yet, it largely has remained unknown as to the contribution of serine-derived lipid metabolism to cell physiology. Here using a metabolomics approach, unexpectedly we found serine plays a major role in maintaining mitochondrial metabolism by affecting lipid metabolism. This is exemplified by decreases in acylcarnitine levels, compromised mitochondrial metabolism of fatty acid, glucose, and glutamine, and altered mitochondrial morphology. This occurs largely independent of two of the main functions of serine in the mitochondria involving nucleotide and redox metabolism but requires serine-derived lipid metabolism.
The metabolomics analysis reveals an alteration of sphingolipid metabolism induced by serine limitation. Further lipidomics analysis uncovers a significant reduction in a variety of ceramide species that is most prominent in the mitochondrial subcellular compartment. Increased ceramide levels are known to perturb mitochondrial membrane structure, increase membrane permeability, and trigger cell apoptosis (Sentelle et al., 2012; Siskind, 2005) . Ceramides can also cause autophagic cell death, independent of the apoptosis mechanism (Jiang and Ogretmen, 2013; Sentelle et al., 2012) . In our setting we expand on these known functions of ceramide by showing that deficiencies in ceramide levels, which do not lead to massive apoptosis, also alter mitochondrial function through structural mechanisms. Defective cell proliferation by serine deprivation is, in part, rescued by C16:0-ceramide alone or complementing media with the lipid component of serum. Together, these data highlight a previously undefined mechanism for serine-derived lipids in mitochondrial biology and cell proliferation. In a very recent finding, using a yeast system, Hwang et al., (2017) independently reported that the serine-derived sphingolipids are also important for the proliferation of aneuploid cells. Supporting this conclusion, in human subjects, over 50% of consumed serine has not been accounted for in certain studies (Davis et al., 2004 ). Thus, it is possible that serine-derived lipid products constitute much of this unaccounted portion.
Mitochondrial morphology is highly dynamic and regulated by mitochondrial fusion and fission (Westermann, 2010) . In parallel with its role in oxidative metabolism, we show that serine also maintains mitochondrial morphology and membrane potential (Figures 3 and  S3) . Fragmentation that occurs during limitations of serine availability is accompanied with a reduction in mitochondrial volume with the number of mitochondria maintained. Because phospholipid levels are largely maintained, we speculate that such mitochondrial fragmentation and reduction of mitochondrial membrane potential are likely attributable to the reduction of mitochondrial ceramides. Dysfunctional mitochondria caused by deletion of mitochondrial DNA or lesions in the electron transport chain also are known to impair onecarbon metabolism (Bao et al., 2016) . Our data thus define a reciprocal relationship showing that serine (one-carbon) metabolism also impacts mitochondrial function and is consistent with recent reports showing serine metabolism can synergize with agents such as biguanides, which target the mitochondria (Gravel et al., 2014) .
EXPERIMENTAL PROCEDURES Reagents
FBS, penicillin, and streptomycin were purchased from HyClone Laboratories. RPMI 1640 medium and charcoal-stripped FBS were purchased from Thermo Fisher. Dialyzed FBS was from Life Technologies. Optima ammonium acetate, ammonium hydroxide, Optima liquid chromatography-mass spectrometry (LC-MS) grade, acetonitrile, methanol, and water were purchased from Fisher Scientific. U-13 C glucose, U-13 C glutamine, and 2,3,3-2 H serine were obtained from Cambridge Isotope Laboratories. U-13 C palmitate, C16-ceramide, and C2-ceramide were purchased from Sigma-Aldrich.
Cell Culture
MDA-MB-231 and Calu-6 cell lines were gifts from Dr. Donald McDonnell and Dr. Kris Wood, respectively. HCT116 and HT29 cell lines were gifts from Dr. Lewis Cantley's laboratory. HCT116, HT29, MDA-MB-231, and Calu-6 cells were maintained in RPMI 1640 supplemented with 10% FBS and 100,000 U/L penicillin and 100 mg/L streptomycin. Cells were grown at 37°C with 5% CO 2 .
Cell Proliferation
Cell growth rescue by ceramides or FBS was determined by cell counting using Moxi Z Mini Automated Cell Counter (ORFLO Technologies). In brief, cells were seeded at a density of 5,000-10,000 cells per well in 24-well plates. After overnight incubation, media were replaced with conditional RPMI medium containing 0.8 or 0 mM serine plus 10% charcoal-stripped FBS for an additional 72 hr. For rescue with C16-ceramide or C2-ceramide, conditional RPMI medium also contained vehicle (1% ethanol) or C16-ceramide (50 or 100 μM, in ethanol) or C2-ceramide (5 or 25 μM, in ethanol). For rescue with FBS, media were replaced with conditional RPMI medium containing 0 μM serine plus 10% FBS for 72 hr.
Immunofluorescence
Cells were cultured in conditional media containing 0.8 or 0 mM serine with an addition of 10% FBS on glass coverslips (VWR) in six-well dishes for 24 hr. Next, cells were fixed with 4% paraformaldehyde for 15 min at room temperature. After one wash in 1× PBS, cells were permeabilized in 0.15% Triton X-100 for 15 min at room temperature. Cells were then blocked in 10% BSA for 20 min at room temperature, followed by incubation in primary antibody solution (1:500 dilution in 10% BSA) for overnight at 4°C. After three washes using 1× PBS, cells were incubated in secondary antibody solution in 10% BSA and followed by another three times of wash. Cells were then mounted onto glass slides using Fluoromount-G mounting solution (Southern Biotech) for imaging acquisition on a spinning-disk confocal microscope (Leica) using a × 100/1.4NA oil or a ×40/1.25NA oil (Leica Plan Apochromat) objective. Images were acquired and processed using the Leica LAS AF program software.
Analysis of Mitochondrial Morphology
To access changes of mitochondrial morphology, we labeled mitochondria with a MitoTracker dye, MitoTracker Red CMXRos (final concentration 100 nM; Invitrogen, Molecular Probes), for 20 min in a CO 2 incubator or stained with anti-TOM20 antibody TOM20 (sc-11415; Santa Cruz) as previously described (Norris et al., 2015) . Cells were divided as previously described (Karbowski et al., 2006) into three categories: "Normal" with >90% of mitochondria forming elongated interconnected networks, "Intermediate" with mixed tubular and short mitochondria, and "Fragmented" with >90% short punctiform mitochondria. The percentage of cells with elongated, intermediate, or fragmented mitochondria was plotted, and 150 cells per condition were quantified in samples from three independent experiments. Mitochondrial number and volume were quantified using ImageJ (NIH) as before (Pennanen et al., 2014) . Images were first deconvolved and then volumereconstituted using the VolumeJ plug-in. The volume and number of mitochondria in each cell were quantified using the ImageJ-3D Object Counter plug-in. Mitochondria from 17-21 cells were counted per condition.
Analysis of Mitochondrial Membrane Potential
HCT116 cells were seeded in six-well dishes for overnight. After overnight incubation, cells were washed once and cultured in conditional media containing 0.8 or 0 mM serine plus 10% FBS for 24 hr. Cells were then stained with 100 nM TMRE (tetramethylrhodamine, ethyl ester) for 20 min at 37°C. Fluorescence intensity of cells was evaluated by fluorescence-activated cell sorting (excitation 488 nm, emission 575 nm). As the negative control, cells were pre-incubated with 20 μM fluorocarbonyl cyanide phenylhydrazone (FCCP) for 10 min before TMRE staining.
Mitochondrial Fractionation
HCT116 cells were seeded in 10-cm dishes at a density of 2.0 × 10 5 cells/mL × 10 mL/dish. After overnight incubation, cells were washed with PBS once and cultured for an additional 24 hr with 10 mL of conditional RPMI medium containing 0.8 or 0 mM serine plus 10% charcoal-stripped FBS. 2.0 × 10 7 cells per condition were used for mitochondrial fractionation using a commercially available mitochondria isolation kit from Thermo Scientific (89874), following the manufacturing protocol.
Immunoblotting
The purity of mitochondrial fractions was determined by immunoblotting mitochondrial fractions and whole-cell lysate with antibodies against mitochondrial markers VDAC (4866; Cell Signaling) and TOM20 (sc-11415; Santa Cruz), plasma marker Na + /K + -ATPase (3010; Cell Signaling), cytosol marker β-ACTIN (3700S; Cell Signaling), Golgi marker GM130 (610823; BD Biosciences), and lysosomal marker LAMP1 (Developmental studies Hybridoma Bank). The protein concentration was determined by Bradford assay. Immunoblotting signals were detected by ChemiDoc MP Imaging System with Image Lab Software (Bio-Rad).
Metabolite Profiling and Isotope Tracing
HCT116 cells were seeded in six-well plates at a density of 2.0 × 10 5 cells per well. For overall polar metabolite profile, cells were washed once with PBS after overnight incubation and cultured for an additional 24 hr with 2 mL of conditional RPMI medium containing 0.8 or 0 mM serine plus 10% FBS. For 13 C isotope tracing, after overnight incubation and onetime wash with PBS, cells were first incubated in 2 mL of conditional RPMI medium containing 0.8 or 0 mM serine plus 10% dialyzed FBS for 16 hr, and then medium was replaced with fresh conditional RPMI medium (0.8 or 0 mM serine) containing tracer U-13 C glucose, U-13 C glutamine, or U-13 C palmitate plus 10% dialyzed FBS. Cells were traced with 11 mM U-13 C glucose or 2 mM U-13 C glutamine for 6 hr, or with 100 μM U-13 C palmitate for 24 hr. For 2,3,3-2 H serine tracing, after overnight culture, cells were washed once with PBS and cultured for an additional 24 hr with 2 mL of conditional RPMI medium containing 10% dialyzed FBS and 0 μM serine with an addition of 2,3,3-2 H serine at different concentrations (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.8 mM). For lipidomics analysis, after overnight incubation and one-time wash with PBS, cells were treated with 2 mL of conditional RPMI medium containing 0.8 or 0 mM serine plus 10% charcoal-stripped FBS for an additional 24 hr. Media and/or cellular metabolites were extracted at the end of tracing.
Metabolite Extraction
Polar metabolite extraction has been described previously . In brief, cells cultured in six-well plates were placed on top of dry ice right after medium removal. 1 mL of ice-cold extraction solvent (80% methanol/water) was added to each well and the extraction plate was quenched at −80°C for 10 min. Cells were then scraped off the plate into an Eppendorf tube. Samples were vortexed and centrifuged at 20,000 × g for 10 min at 4°C. For media metabolite extraction, 20 μL of spent media was added to 80 μL of ice-cold water in Eppendorf tube on ice, followed by the addition of 400 μL of ice-cold methanol. Samples were vortexed at the highest speed for 1 min before centrifugation at 20,000 ×g for 10 min at 4°C. The supernatant was transferred to a new Eppendorf tube and dried in a vacuum concentrator. The dry pellets were stored at −80°C for LC-HRMS analysis. Samples were reconstituted into 30 μL of sample solvent (water:methanol:acetonitrile, 2:1:1, v/v/v) and were centrifuged at 20,000 × g at 4°C for 3 min. The supernatant was transferred to LC vials, and 3 μL was injected for hydrophilic interaction chromatography method (HILIC) chromatography.
For lipid extraction, 50 μg of mitochondrial fraction or 150 μg of whole-cell lysate were extracted in final extraction solution methanol/MTBE (methyl tert-butyl ether)/water (1:3:1, v/v/v). Samples were vortexed at the highest speed for 1 min, followed by centrifugation at 3,500 g × 10 min. The top layer was collected and dried in a vacuum concentrator. The dry pellets were stored at −80°C for LC-HRMS analysis. Samples were reconstituted into 30 μL of sample solvent (Isopropanol) and centrifuged at 20,000 × g at 4°C for 10 min. The supernatant was transferred to LC vials and the injection volume was 3 μL (equivalent to 2.5 μg of mitochondrial protein or 7.5 μg of whole-cell lysate) for HILIC chromatography.
High-Performance Liquid Chromatography
Ultimate 3000 UHPLC (Dionex) was coupled to Q Exactive-Mass spectrometer (QE-MS; Thermo Scientific) for metabolite separation and detection.
For additional polar metabolite analysis, a HILIC with an Xbridge amide column (100 × 2.1 mm internal diamenter [i.d.] , 3.5 μm; Waters) was used for compound separation at room temperature. The mobile phase and gradient information were described previously .
For lipid analysis, a reverse-phase liquid chromatography method with an Xbridge BEH C18 column (100 × 2.1 mm i.d., 2.5 μm; Waters) at 40°C was used for compound separation. The column was employed with mobile phase A: acetonitrile:water (60:40, v/v) with 0.1% formic acid and 10 mM ammonium formate, and mobile phase B: Isopropanol:acetonitrile (90:10, v/v) with 0.1% formic acid and 10 mM ammonium formate. Linear gradient was: 0 min, 40% B; 1.5 min, 40% B; 5 min, 85% B; 12 min, 97% B; 16 min, 97% B; 16.5 min, 40% B, and 20.5 min, 40% B. Flow rate is 0.2 mL/min.
Mass Spectrometry
The Q Exactive mass spectrometer (QE-MS) is equipped with a heated electrospray ionization (HESI) probe. For polar metabolites, the relevant parameters were as listed: heater temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 3.0 kV for positive (pos) mode and 2.5 kV for negative (neg) mode. Capillary temperature was set at 320°C, and S-lens was 55. A full scan range was set at 70-900 (mass to charge [m/z]) for positive mode (1.31-12.5 min) and negative mode (1.31-6.6 min) and 100-1,000 for negative mode (6.61-12.5 min). The resolution was set at 70,000 (at m/z 200). The maximum injection time (max IT) was 200 ms. Automated gain control (AGC) was targeted at 3 × 10 6 ions. Customized mass calibration was performed before data acquisition.
For lipids, the relevant parameters are as listed: heater temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 4.0 kV for both pos mode and neg modes. Capillary temperature was set at 320°C, and S-lens was 65. A full scan range from 200-1,500 (m/z) was used. The resolution was set at 70,000. The max IT was 200 ms with typical injection times around 50 ms. The above settings resulted in a duty cycle of around 550 ms to carry out scans in both the pos and neg modes. AGC was targeted at 3 × 10 6 ions. Standard mass calibration was performed before sample analysis.
Data Analysis
LC-MS peak extraction and integration were analyzed with commercially available software Sieve 2.0 (Thermo Scientific). The integrated peak intensity was used for further data analysis. For tracing studies using U-13 C glucose, U-13 C glutamine, or U-13 C palmitate, 13 C natural abundance was corrected as previously described (Yuan et al., 2008) . For 2 H tracing studies using 2,3,3-2 H serine, 2 H natural abundance was corrected. Based on our Orbitrap mass resolution of 70,000 (at m/z 200), 2 H peaks were separable from other isotopes by the mass spectrometer. When 2 H peaks could not be directly resolvable, they were also corrected for 13 C, 18 O, and 15 N natural abundance (correction was only required for the unresolvable combination of one or two 13 C, 18 O, and 15 N atoms).
Statistical Analysis and Bioinformatics
Pathway analysis of metabolites was carried out with software Metaboanalyst (http:// www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml) using the KEGG pathway database (http://www.genome.jp/kegg/). All data were represented as mean ± SD, unless otherwise indicated. The p values were calculated by a two-tailed Student's t test unless otherwise noted.
Data and Software Availability
The metabolomics and lipidomic data reported in this study were deposited to Mendeley Data (https://doi.org/10.17632/62v47m8y35.1) and are available at https:// data.mendeley.com/datasets/62v47m8y35/draft?a=496e4cf9-5e32-4423-ad48-7dea4ebc87a1.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Figure S1 . (C and D) Ion intensity of tricarboxylic acid cycle metabolites citrate/isocitrate, α-ketoglutarate, succinate, and fumarate, and their 13 C-isotopmers from U-13 C glucose tracing study (C) and U-13 C glutamine tracing study (D) in (A). Data are mean ± SD. *p < 0.05 by two-tailed Student's t test (n = 3 per group). See also Figure S2 . (B) Schematic reaction from dUMP to dTTP and fraction of M+1 and M+2 dTTP from 2,3,3-2 H serine tracing study in Figure 4C . (C) Schematic presents the one-carbon unit from tetrahydrofolate (THF) contributes to adenine and guanine synthesis, and fraction of M+1 adenine and guanine isotopomers (M+1 and M+2) from 2,3,3-2 H serine tracing study in Figure 4C . (D) Fraction of adenosine, ATP, and S-adenosylmethionine (SAM) isotopomers (M+1 and M +2) from 2,3,3-2 H serine tracing study in Figure 4C . Data are mean ± SD. *p < 0.05 by two-tailed Student's t test (n = 3 per group). See also Figure S4 . (E) Model: serine supports cell growth through production of NADH and NADPH that counterbalances cellular redox, generation of one-carbon (1-C) units that supports nucleotide synthesis, and provides substrate for serine-derived lipid synthesis. In the absence of serine, other factors come into play to minimize the effect on cellular redox and nucleotides caused by serine deprivation. Meanwhile, serine also supports the synthesis of serine-derived lipids, and ceramide synthesis is sensitive to serine deprivation; the decrease of ceramides accounts for the defective cell growth at least in part.
